Abstract To enhance the sustainability of agriculture it is imperative that the use of P-fertilisers by temperate cereal crops be improved. This can be achieved both by agronomic and genetic approaches. While many studies have demonstrated genotypic variation in P-use efficiency in a number of cereal species the robustness of this genetic variation in contrasting environments is rarely considered. In this paper we describe an experiment in which we compare the P-nutrition of winter and spring barley genotypes from an association genetic-mapping population grown in a field trial with different cultivation treatments (conventional plough vs. minimum tillage) which had been established over a number of years. We demonstrate that, while there is significant variation between genotypes in their P nutrition, this variation is not comparable between cultivation treatments and only one winter barley genotype (cv.
Introduction
Phosphorus (P) is an essential plant nutrient that limits agricultural production on a global scale with economic reserves of rock phosphate for the production of inorganic phosphate fertilisers declining (Johnston 2008 ). In addition, P from agriculture can lead to P-enrichment of surface and coastal waters, initiating the biological processes of eutrophication (White and Hammond 2009) . It is therefore desirable that the P-use efficiency of agricul-tural plants be improved. Many plant species are adapted to P-deficiency and have developed a range of mechanisms that enhance their ability to acquire P from soil (Vance et al. 2003; White and Hammond 2008) . These include modifications to root structure (White et al. 2005; Hammond and White 2008) , the formation of symbioses with mycorrhizae (Smith and Read 1997) , and the production of root exudates such as organic anions (Ryan et al. 2001 ) and phosphatase enzymes (Tadano et al. 1993; George et al. 2002) . Puse efficiency is therefore a multi-mechanistic trait whose genetic control is likely to be greatly affected by the environment (George et al. 2008) . Although genotypic variation in P-use efficiency of cereals has been reported (Batten and Khan 1987; Jones et al. 1989 Jones et al. , 1992 Gahoonia and Nielsen 1996; Manske et al. 2000; Osborne and Rengel 2002a, b; Wang et al. 2005) , few studies have performed trials in contrasting environmental conditions and the robustness of the genetic component of variation in P-use efficiency has rarely been tested.
An increasingly common agricultural practice is to reduce the amount of tillage used in arable agricultural systems, which has direct and immediate benefits to the farmer through less fuel consumption and labour costs (Govaerts et al. 2009 ). Additionally, environmental benefits can include reduced risk of soil erosion, increased organic matter in the upper part of the soil profile, improved soil structure, increased biodiversity (Kladivko 2001; Young and Ritz 2000; Hamblin 1987) and reduced greenhouse gas emission (both via respiration and use of fossil fuels) (Govaerts et al. 2009; Smith et al. 1998) . However, some of these environmental improvements have been refuted, in particular increased N 2 O production has been observed (Ball et al. 1999) , reduced soil carbon has been noted (Govaerts et al. 2009 ) and the development of shallow plough pans under minimum tillage can occur (Vian et al. 2009; Carter 1991) . Another consistent problem with minimum tillage systems is reduced seedling growth of cereals (Chan et al. 1987; Kirkegaard et al. 1994) . A number of causes for reduced seedling growth have been suggested, including altered temperature and water content conditions of surface soils, reduced nutrient availability and uptake, increased soil strength against root penetration, and an increase in pathogenic fungi and root-inhibitory bacteria (Simpfendorfer et al. 2002) . A challenge for crop plant breeders is to identify genes associated with seedling vigour in minimum tillage systems such that the benefits of the system can be fully realized (Richards et al. 2007) .
In this paper we establish the P-nutrition characteristics of barley in a typical arable soil of eastern Scotland, then describe a study of the P-use efficiency in an association genetic-mapping population of both winter and spring barley grown in different tillage treatments. Using the association mapping population we establish significant relationships of the P-use efficiency trait with gene-derived molecular markers and thus attempt to identify associations with genes of known function. We then discuss the impact of the tillage treatment on the robustness of the genetic component of the variation between barley genotypes.
Materials and methods

P-response of barley
Topsoils (0-10 cm depth) were collected from a site near SCRI, Dundee, Scotland, which were typical of arable soil of the region and defined as a Cambisol (FAO 1994) . Soils were air-dried, mixed and passed through a 2 mm sieve to remove coarse material and vegetative matter. The soils were either left un-amended or fertilized with inorganic phosphate (KH 2 PO 4 ) at four different rates, 100 mg P kg −1 , 250 mg P kg −1 , 500 mg P kg −1 and 1,000 mg P kg −1 soil. Soils were mixed with fertilizer in 20 kg lots in a cement mixer rotating at approximately 75 rpm for 30 min. All soils were then watered to, and maintained at, 80% field capacity (as determined by gravimetric water content) and incubated at ambient temperature for 28 days in the glasshouse prior to planting. Three replicate pots each containing the equivalent of 0.75 kg of air-dried soil of the five soil P treatments were sown with four surface-sterilised seeds of the most commonly grown local barley (Hordeum vulgare L.) variety (cv Optic). Seeds, of a uniform size, were germinated until their radicles were between 5 mm and 10 mm long and then planted. The seedlings were subsequently thinned to two uniform plants per pot 1 week after planting. All nutrients, except P, were provided by weekly additions of 5 mL pot . Pots were rotated regularly between glasshouse benches to reduce effects of possible environmental gradients. Plants were harvested after 42 d growth and shoot biomass determined after oven drying for 1 week at 65°C.
Field trial of an association mapping population in different cultivation treatments An association genetic-mapping population was grown in the field under two different cultivation treatments of a long-term field trial. Soil conditions had been imposed over 4 years at a field site located at SCRI, near Dundee, Scotland (Newton et al. 2008) . The soil was a Cambisol (FAO 1994) with a sandy-loam surface texture. It had a pH of 5.7, was freely drained and underlain by colluvial sand at 60 cm depth. To reduce in-field variability the entire site was initially ploughed to 20 cm depth, power harrowed and sown with a single spring barley variety (cv Optic) in 2003. Five cultivation treatments were established in triplicate in autumn 2003 that imposed different levels of soil disturbance ranging from light to heavy disturbance in the order: zero-tillage, minimum tillage to 7 cm depth, conventional plough to 20 cm depth, plough to 20 cm followed by compaction and deep plough to 40 cm depth (Fig. 1) . The data presented in this paper were derived from samples taken from only the conventional plough treatment, which represents the typical agricultural practice for the region, and the minimum tillage treatment, which is gaining popularity because of reduced labour, time and fuel costs and perceived benefits to soil conservation. For the entire experiment, 15 blocks measuring 33×33 m were marked out in an even grid with five blocks in each of three north-south columns representing the three treatment replicates. Blocks were separated from each other by 3 m wide strips which were sown with grass seed after the first trial year was sown. Within each block, 120 plots measuring 1.55 m wide by 2.1 m long (including gaps) were sown at a rate estimated to provide 250 established plants m ranging from light to heavy disturbance in the order zero-tillage, minimum tillage to 7 cm depth, conventional plough to 20 cm depth, plough to 20 cm followed by compaction and deep plough to 40 cm depth. Tillage treatments (conventional plough and minimum tillage) used in this study are highlighted in bold. The entire experiment consists of fifteen blocks measuring 33×33 m with five blocks in each of three north-south columns representing the three treatment replicates. Blocks were separated from each other by 3 m wide strips which were sown with grass seed after the first trial year. Within each block, 120 plots measuring 1.55 m wide by 2.1 m long (including gaps) were sown to the association populations local practise, the winter trials were combine-drilled with a compound fertiliser at a rate of 70 kg P and 105 kg K ha −1 and received applications of 51 kg N ha −1 and 69 kg N ha −1 at growth stage (GS)
22-24 and GS 31-32 respectively. The spring trials were combine-drilled with a compound fertiliser at a rate of 77 kg N, 14 kg P and 49 kg K ha −1 and received an additional 33 kg N, 6 kg P and 21 kg K ha −1 at GS 22-24. Foliar diseases were not controlled in either the winter or the spring trials. Prior to the year of sampling, the trial had been sown in four successive seasons. Following cultivation of the trial for the fourth successive year bulk density was measured using 55 mm diameter×40 mm depth soil cores taken at three locations in each treatment from a range of depths (0-5 cm; 7-12 cm, 25-30 cm; 50-60 cm). These depths were selected after pit surveys that identified a distinct plough pan at 7 cm depth under minimum tillage and 25 cm depth under conventional plough. Soil organic carbon was measured using an Exeter Analytical CE440 Elemental Analyzer (EAI, Coventry, UK) on a bulked sample taken at ten random locations in each tillage plot at 0-10 cm depth.
Shoot sampling and P analysis
Flag leaf samples were taken at GS 49 (flag leaf unfurled and first awns visible; Tottman 1987) from both barley plants grown in pots and each genotype grown in the field. Samples were kept on ice until they could be frozen. Frozen samples were freeze dried before milling to a flour. Phosphorus concentration in shoots was determined using milled samples. One hundred mg of shoot material was digested in 5 mL of 18 M H 2 SO 4 at 360°C for 20 min, after which an excess of 30% hydrogen peroxide was added until digests cleared (Heffernan 1985) . Concentrations of P in diluted digests were determined by reaction with malachite green (Irving and McLaughlin 1990) .
Single marker association analysis
The genotypic means obtained for P nutrition of the spring and winter populations under each cultivation treatment were used in a single marker association analysis to detect whether or not an individual SNP (Single Nucleotide Polymorphism) marker was significantly associated with shoot P concentration. We employed single marker regression analysis to determine whether or not SNP markers showed any significant associations without taking account of any possible population structure effects. Our germplasm is a highly selected subset adapted to the UK environment and there is no evidence of any meaningful population sub-structure in the spring germplasm (J. Comadran, SCRI, unpublished data). The winter germplasm comprised two and six-row genotypes and did show evidence of sub-structure based upon this major gene difference. Within this pilot experiment, we wished to know if there were any differences within the winter germplasm as a whole and the fact that these might reflect differences between the two groups would be a subject for follow-up experimentation. Overall, 1,125 of the 1,536 SNP markers assayed over the 120 barley genotypes were polymorphic but markers with minimum allele frequencies of less than 10% were excluded, leaving 843 and 921 for the spring and winter populations respectively. Markers that exhibited a probability of a significant difference between the allelic class means of less than 0.001 (−log 10 P>3) were considered to be significantly associated.
Data calculation and statistical analysis
All data are presented as the mean of three replicates and bars represent standard errors of the mean. Significant differences were established using ANOVA, and treatment means compared by LSD (P=0.05) (Genstat v9; Rothamsted Experimental Station, U.K.). Relationships between both shoot biomass and P concentration in the glasshouse experiment were related to the P added using regression analysis. From these regressions it was possible to determine the critical P concentration for barley to reach 75% growth in this soil. Mean data from the different cultivation treatments within each population of genotypes were compared using regression analysis, r 2 and 95% confidence intervals. The critical P concentration to achieve 75% growth was also plotted.
Results
P-response of barley
The shoot dry weight of spring barley cultivar Optic increased significantly (P < 0.05) to an asymptote with increasing P addition to the soil (Fig. 2a) . This growth response was described by an exponential rise to a maximum of the form y=a+ b(1−exp (cx) ). Using this equation it was possible to calculate the amount of P that must be added to this soil to achieve a critical proportion of maximal growth. For the purposes of this experiment, 75% of maximal growth was used to define the critical growth of the barley plants, which was achieved by an addition of 175 mg P kg −1 soil. The shoot P-concentration of these plants also increased significantly (p<0.05) with the addition of P to soil (Fig. 2b) , however this did not reach an asymptote with the relationship being described by a linear equation (y=a+bx). This allowed the calculation of the critical P concentration in the shoots to achieve 75% growth which, on this soil, was 2.56 µg P g −1 DW.
Impact of cultivation treatments on selected soil properties and shoot P concentration
The minimum tillage soil had a significantly (P< 0.001) greater organic C content compared to the conventionally ploughed treatment (Table 1) . Differences were also apparent between treatments in soil bulk density. In the surface horizon the bulk density was similar between the treatments, but a plough pan was evident at 7-12 cm depth under minimum tillage, whereas conventional ploughing resulted in a plough pan at greater depth (25-30 cm). Below the respective plough pans the bulk density decreased to similar levels in the surface horizons (Table 1) . When grown in the differing tillage treatments, winter barley genotypes had significantly (P<0.05) greater P concentration in flag leaves than spring barley genotypes (Fig. 3) . Within the spring and winter genotypes there was significant (P<0.05) variation in shoot P concentration ranging from 1.7 to 3.0 and 1.5 to 2.5 µg P g −1 DM, respectively (Fig. 3) . Of particular interest was that some of the winter barley genotypes (cvs. Avenue, Gleam, Esterel, Pict and Magie) were able to achieve the critical shoot P concentration necessary to achieve 75% maximal growth in this soil under conventional cultivation. In contrast none of the spring genotypes were able to achieve this. Moreover, no winter or spring barley variety passed the critical level in the minimum tillage cultivation treatment. There was also a significant (P<0.05) impact of the cultivation treatment on the concentration of P in shoots, however this effect was dependent on which set of genotypes were considered (Fig. 3) . In the winter germplasm the minimum tillage cultivation treatment caused a decline in the shoot P concentration while in the spring germplasm there was a slight increase in the average shoot P concentration in the minimum tillage cultivation treatment. The impact of the cultivation treatment on the ability of the various genotypes to acquire P was demonstrated even more strongly when the shoot P concentration of the various genotypes was compared between the different cultivation treatments (Fig. 3) . In fact, only 32% of the winter genotypes fell within the 95% confidence intervals of the relationship, while even fewer, Fig. 2 Response of A) shoot biomass and B) shoot P concentration of young barley plants to increasing amount of P-added to soil in a glasshouse experiment. Values are the mean of three replicates and bars represent standard errors of the mean. The amount of P added to achieve 75% maximal growth on this soil is calculated to be 175 mg P kg −1 soil. The critical shoot P concentration to achieve this growth is calculated to be 2.56µg P g −1 DW only 19%, of the spring genotypes fell within the corresponding confidence interval.
Association mapping analysis
Results from the association mapping exercise demonstrated that there was little association between these data and the SNP markers in the winter barley population with just three SNP markers showing significant association, which were co-located on the long arm of chromosome 3H but these were only apparent in the minimum tillage treatment (Fig. 4) . There was slightly more association in the spring barley population and again this was more pronounced in the minimum tillage treatment. In the conventional plough treatment there was significant association with 1 and 2 SNP markers on chromosomes 4H and 7H, respectively. In contrast, under minimum tillage treatments there were no mutually inclusive associations, but there were five significant associations on chromosome 5H with three co-located at the distal end of the long arm (Fig. 4) . All of these associations just exceed the threshold and may reflect a relative lack of significant genetic variation and/or the relatively small sample size of each association population.
Discussion
These results demonstrate that the growth of barley on soils typical of the arable-east of Scotland is responsive to the addition of P and that reasonably large additions of P (>175 mg P kg −1 soil) are required to achieve growth approaching the physiological maximum for common commercial cultivars. In addition, it is apparent that winter barley genotypes were able to accumulate more P than spring genotypes, when grown in the field. This may be an indication of the greater time for root growth associated with autumn sowing (Willatt 1986) , which would allow greater access to P resources. The lack of correlation between shoot P concentrations for the same cultivars between minimum tillage and conventional plough treatments suggests that genetic components of the variation may differ between the different cultivation treatments. This further suggests that the vast majority of barley genotypes have a differential response in P-nutrition to cultivation treatments, with approximately equal numbers being more suited (i.e. accumulating more P) to minimum tillage and vice versa. Interestingly, of the five winter genotypes that showed P concentrations greater than the critical for 75% maximal growth in conventional cultivation treatments, only one (Gleam) demonstrated a greater suitability for growth in minimum tillage cultivation. This differential response to soil cultivation is echoed in yield data from the same cultivars (Newton et al., unpublished data) , although there was no correlation between P response and yield response in the minimum tillage treatment.
The impact of cultivation practice on the root zone was evident from bulk density measurements taken at different depths (Table 1) . Whereas conventional ploughing loosened soil to 25 cm depth, minimum tillage was only loosened to 7 cm, albeit with a less dense plough pan. Root growth under minimum tillage would be impeded by the interacting effects of greater soil density and drying at 7 cm depth causing mechanical impedance (Bengough 1997; Schjonning and Rasmussen 2000) . Barley is able to penetrate compacted soils, but only a few roots succeed (Lofkvist et al. 2005) . There is a large amount of Table 1 Comparison of soil carbon and bulk density with depth in minimum tillage and conventional plough treatments of a field experiment after 5 years, presented are the mean of three replicates and the standard error of the mean. P-value for the ANOVA of the data is also presented Table 1 Comparison of soil carbon and bulk density with depth in minimum tillage and conventional plough treatments of a field experiment after 5 years, presented are the mean of three replicates and the standard error of the mean. P-value for the ANOVA of the data is also presented DM) for A) winter barley genotypes (n=56) and B) spring barley genotypes (n=64) grown under conventional plough and minimum tillage cultivation in the field. The relationship of the shoot P-concentration for each genotype between each cultivation treatment is also presented. Regression of the data and 95%
confidence intervals for that relationship are presented. Also plotted is the critical P-concentration (2.56 µg P g −1 ) derived from Figure 2 . All data are the mean of three replicates. Only genotypes which show greater P-concentration than the critical to achieve 75% growth on this soil are labelled morphological plasticity in barley roots when compacted layers are encountered (Bingham and Bengough 2003) , which will not only influence the ability of the roots to penetrate through the soil directly but also access easily penetrable macropores (McKenzie et al. 2009 ). As the root traits of barley differ between genotypes (Hargreaves et al. 2009 ), it would be expected that some genotypes would access more of the soil profile and hence more P resources than others.
In addition, the availability and cycling of P for the conventionally cultivated and minimum tillage treatments are likely to be quite different due to differences in the biological and physicochemical conditions of these treatments (Young and Ritz 2000) . Other potential limitations might include, changes in microbial community structure and size, pathogen load and water relations which are all likely to be quite different between treatments (Govaerts et al. 2009 ). Previous research on wheat growth in conservation tillage systems has demonstrated a major impact of harmful rhizosphere bacteria on the early root vigour of young seedlings (Simpfendorfer et al. 2002; Watt et al. 2005) . The lack of any relationship between genotypes of the association geneticmapping populations between the two cultivation treatments studied here may be explained by such environmental differences between treatments. It is likely that traits allowing some genotypes to acquire P successfully in the conventional plough cultivation treatment will differ from those benefiting P-nutrition A) in the minimum tillage treatment, therefore compromising the use of the genetic variation to predict QTL or markers to identify a single useful genotype for both management systems. The development of SNP based high throughput genome wide assays has provided a highly polymorphic and low cost assay of polymorphism that can be utilised in linkage disequilibrium studies of cultivar collections where linkage disequilibrium can persist for 3 cM, i.e. greater than the average distance between markers (Rostoks et al. 2006 ). This provides a powerful tool to identify genomic regions associated with phenotypic characteristics but is best applied to large populations when phenotypic variation is controlled by genes of small effect. Whilst the population that we have utilised can detect variation controlled by genes of large effect, it is too small to detect minor gene variation robustly. Our winter and spring populations contain all the recommended cultivars that have been commercially significant in the UK over the past 20 years as well as some recommended cultivars that were not adopted by the market. Here we have been able to demonstrate that the P nutrition of spring barley can be associated with known SNP markers in this population, albeit these markers are not associated with genes of known function. Moreover, it is apparent that this association is not robust across tillage treatments and more associations are apparent where rooting volume was impeded in the minimum tillage treatment. We can therefore conclude that there are no major genes affecting shoot P content in elite UK cultivars when grown under conventional tillage conditions and that a much larger population might be necessary to identify any key minor genes affecting the character. However, the associations found under the minimum tillage treatments may be indicative of a predictable genetic component that affects P acquisition under the, quite different, edaphic conditions of reduced tillage systems.
Candidates for the unknown genes associated with the SNP markers identified here may be those associated with early root vigour (Simpfendorfer et al. 2002) . Such traits would allow these genotypes to penetrate the shallow plough pan in the minimum tillage treatment and access a greater volume of soil and thus greater P resources. In addition, early root vigour would also be beneficial by allowing the functional (site of exudation, uptake and root hair proliferation) part of the root (i.e. the root tip; Gregory 2006) to outgrow the colonisation of the rhizosphere by harmful rhizosphere bacteria (Watt et al. 2006) which are a prevalent problem in reduced tillage systems. While it is apparent that the genetic component of P-use efficiency is not robust between cultivation treatments, the use of the association genetic-mapping population may allow the identification of useful genetic markers for P-use efficiency in reduced tillage agriculture or for any such end-use targeted breeding.
Results here are analogous with results from studies on genotypic variation in P-use efficiency in wheat (Manske et al. 2000; Liao et al. 2008; George et al. 2008) which demonstrate that the ability of cereal genotypes to acquire P is greatly dependent on soil type and only a small proportion of the variability in shoot growth and P content is attributable to genotypic differences. It is therefore imperative that screening for P-use efficiency in cereals be performed on large populations in soils rather than in hydroponics or agar (Hayes et al. 2004 ) and ideally on a range of different soil types, under different agronomic practices and in different environments as the genetic control of this trait is likely to be influenced by all these conditions.
In conclusion, we have shown that genotypic variation in P-use efficiency is present in association genetic-mapping populations of barley grown in the field and that this variation is meaningful with respect to the ability of a plant to accumulate sufficient P for its growth. However, such variation is not comparable between soil cultivation treatments, where differences in root abiotic stress will have a large impact on root growth and nutrient acquisition. It is therefore important that, when screening for genetic markers for multi-mechanistic traits such as P-use efficiency, screening is undertaken in a number of environments so that the robustness of the genotypic variation can be tested. Ultimately, it may be possible to use this approach to identify markers for traits that will be applicable for specific environments and deploy these into cultivars which could be tailored for specific management systems.
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